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1. In t roduct ion  

Summaries of work underway during the  f i r s t  year  of Grant NAG8-059 are 

presented in t h e  following sect ions.  Some of t h e  research  has progressed 

s u f f i c i e n t l y  f o r  t h e  preparat ion of manuscripts and t h e  s t a t u s  of t hese  is 

noted. Other ongoing research is  n o t  y e t  ready f o r  publ ica t ion .  A 

bibliography of a l l  papers and a b s t r a c t s  presented as p a r t  development 

of t he  v a r i a t i o n a l  ob jec t ive  ana lys i s  fol lows t h e  summaries. 

of 

The goal  of our research  i s  a v a r i a t i o n a l  d a t a  a s s imi l a t ion  method 

t h a t  incorporates  as dynamical c o n s t r a i n t s ,  t he  p r imi t ive  equat ions f o r  a 

moist ,  convectively uns tab le  atmosphere and t h e  r a d i a t i v e  t r a n s f e r  

equation. Variables  t o  be adjusted include the  three-dimensional vec tor  

wind, he ight ,  temperature, and moisture from rawinsonde da ta ,  and 

cloud-wind vec tors ,  moisture,  and radiance from s a t e l l i t e  data .  This 

presents  a formidable mathematical problem. In  order  t o  f a c i l i t a t e  

thorough ana lys i s  of each of t he  model components, w e  def ined four  

v a r i a t i o n a l  models t h a t  divide the  problem n a t u r a l l y  according t o  

increas ing  complexity. The f i r s t  v a r i a t i o n a l  model (MODEL I) conta ins  the  

two nonl inear  ho r i zon ta l  momentum equations,  t h e  in t eg ra t ed  cont inui ty  

equation, and t h e  hydros t a t i c  equation. 

MODEL 11 conta ins  MODEL I p lus  t h e  thermodynamic equat ion f o r  a dry 

ad iaba t i c  atmosphere. The introduct ion of t h i s  add i t iona l  c o n s t r a i n t  

v i o l a t e s  t he  requirement t h a t  the number of subs id ia ry  condi t ions  (dynamic 

c o n s t r a i n t s )  must be a t  l e a s t  one less  than the  number of dependent 

v a r i a b l e s  (Courant, 1936). lnclusion of t h e  same number of c o n s t r a i n t s  as 

dependent v a r i a b l e s  overdetermines t h e  problem and a so lu t ion  i s  n o t  
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guaranteed. Therefore, w e  must  develop a scheme t o  circumvent t h i s  problem 

or e l s e  the  dynamically adjusted meteorological va r i ab le s  w i l l  no t  s a t i s f y  

the  closed set  of pr imi t ive  equations. 

MODEL 111 includes MODEL I1 plus radiance a s  a dependent v a r i a b l e  and 

the  r a d i a t i v e  t r a n s f e r  equation a s  a cons t r a in t .  MODEL 1V conta ins  MODEL 

111 plus  an add i t iona l  moisture va r i ab le ,  a moisture conservation equation 

and a parameterization f o r  moist ad iaba t i c  processes.  

In  addi t ion ,  the  va r i a t iona l  models w i l l  be made more responsive t o  

t h e  o r i g i n a l  observations.  The d i r e c t  methods f o r  ca l cu la t ing  de r iva t ives  

require t h a t  t he  da t a  be pregridded. A s  noted by Achtemeier (1975)  and 

Williamson and Daley (19831, pregridding removes the  dependence of t h e  

f i n a l  ana lys i s  upon the  or ig ina l  observations.  This dependence can be 

r ees t ab l i shed  by merging the v a r i a t i o n a l  models with the  success<ve 

co r rec t ions  in t e rpo la t ion  method (SCM) through a c y c l i c a l  procedure. 

Independently interpolated meteorological  va r i ab le s  a r e  merged 

v a r i a t i o n a l l y .  The v a r i a t i o n a l  f i e l d s  then serve as f i r s t  guess f i e l d s  f o r  

t he  next SCM analys is ,  and so on. 

The research cur ren t ly  i s  expanding i n t o  s i x  areas .  These a r e  1) 

conversion of MODEL 1 t o  t he  ISWS VAX 750 computer, 2 )  completion of MODEL 

11, 3 )  development of MODEL I11 ( r a d i a t i v e  t r a n s f e r  equat ion) ,  4) making 

t h e  model more responsive to the  observat ions,  5 )  extension of MODEL 1 

ana lys i s  periods from one t o  th ree ,  and 6 )  development of MODEL IV 

(moisture) .  Progress in  each of these  research areas and f u t u r e  research  

p lans  is b r i e f l y  summarized in  the  following sec t ions .  
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2. Conversion of MODEL I t o  the LSWS VAX 750 Computer. 

We have taken a module approach t o  the  development of MODEL I. 

Mathematical equations,  data g r  idding , v e r t i c a l  i n t e rpo la t ion ,  

nondimensionalization and e t c  have been programmed separa te ly .  The 

advantages of t h i s  approach a r e  t h a t  modules can be replaced by improved 

vers ions  without d i s rupt ing  the flow of o the r  programs, r ev i s ions  can be 

made within modules without extensive reprogramming, coding is e a s i e r  and 

less e r r o r  prone, and debugging i s  f a s t e r  and less cos t ly .  The 

disadvantage i s  t h a t  the  MODEL L r equ i r e s  a la rge  number of d a t a  f i l e s .  

Table 1 summarizes the  84 modules of MODEL I.  Even though the  modules 

a r e  s m a l l  r e l a t i v e  t o  t h e  whole program severa l  have l a rge  s torage  

requirements t h a t  can be handled by the  Universi ty  of I l l i n o i s  CYBER 175 

computer only during hours of minimal demand ( l a t e  a t  n igh t ) .  The 

advantages of t r a n s f e r r i n g  MODEL I t o  the  ISWS VAX 750 with i t s  v i r t u a l  

memory are 1) the  model can be run a t  any t i m e ,  2)  use fu l  per iphera l  

equipment such as the  ZETA p l o t t e r  a n d  V T l O O  compatible terminals  a r e  

l inked d i r e c t l y  t o  t he  V U ,  and 3 )  t h e  VAX-VMS opera t ing  system i s  

compatible with the  operat ing system of the  CRAY X-MP/24 supercomputer 

operated by the  National Center f o r  Supercomputing Applications.  Plans a r e  

underway t o  move MODEL I t o  t h e  supercomputer once compat ib i l i ty  i s  

achieved. 

The t r a n s f e r  of MODEL I t o  t h e  ISWS VAX was completed i n  February 

1987, Runs with the  V A X  version revea l  s i g n i f i c a n t  d i screpencies  wi th  the  

CYBER vers ion.  Inves t iga t ions  t o  revea l  t he  source of t he  d iscrepencies  

are s t i l l  ongoing. Computer t runcat ion cannot be ru led  out  a t  t h i s  t i m e .  



Table 1. Summary of program modules t h a t  make up MODEL I.  
~ 

Program Description 
Number of 
Programs 

TIROS-N and Rawinsonde da ta  read and format 4 

Grid d e f i n i t i o n  and map project ion 1 

Data gr idding 2 

Transformation i n t o  nonlinear sigma coordinate  1 

Nond imen s iona 1 i z  e v ar iab  1 e s 1 

I n i t i a l  v a r i a b l e  f i e l d s  13 

Coeff ic ien ts  and forc ing  funct ions ca l cu la t ed  
from i n i t i a l  d a t a  only 1 2  

Varia t iona l  ad justment model - programs i n  
c y c l i c a l  so lu t ion  sequence 42 

Model s t a t i s t i c s  6 

Tendency term recomposit ion 2 
.- -I.__- 
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The VAX has a 32-bit word in  comparison wi th  the  64-bit  word of the  CYBER 

and the  CRAY. 

Once the  conversion is  complete, t he  following s t u d i e s  are t o  be done: 

1) The prec is ion  moduli w i l l  be varied over a la rge  range of values  t o  

determine the  model s e n s i t i v i t y  t o  varying l e v e l s  of input  d a t a  accuracy. 

This study w i l l  a l s o  determine the ranges of t he  prec is ion  moduli f o r  which 

the  c y c l i c a l  so lu t ion  sequence w i l l  converge. 

2)  The prec is ion  moduli w i l l  be varied hor izonta l ly .  Although MODEL 1 was 

formulated f o r  hor izonta l ly  varying prec is ion  moduli, so f a r  a l l  analyses 

have been done with only v e r t i c a l l y  varying prec is ion  moduli. Horizontal  

de r iva t ives  of t h e  prec is ion  moduli appear in the  equat ions f o r  t he  

adjusted geopotent ia l  height  and t h e  adjustment ve loc i ty  p o t e n t i a l .  These 

equat ions a r e  general  second order p a r t i a l  d i f f e r e n t i a l  equat ions which a r e  

solved by t r a d i t i o n a l  re laxa t ion  methods. This study w i l l  determine the  

impacts of hor izonta l ly  varying prec is ion  moduli upon convergence t o  a 

so lu t ion .  

This e f f o r t  has progressed t o  a l imi ted  ex ten t  through an extension of 

Barbara Chance's t hes i s .  (See p ro jec t  bibliography f o r  d e t a i l s ,  of her  

r epor t . )  Her work with mesoscale da t a  showed the  equation f o r  t he  

adjustment ve loc i ty  p o t e n t i a l  t o  be p a r t i c u l a r l y  s e n s i t i v e  t o  l a rge  

hor izonta l  v a r i a t i o n s  i n  the  precis ion moduli. 

3 )  The adjustment of the  veloci ty  components tendencies w i l l  be f u r t h e r  

analyzed. To date ,  the  results f o r  these  important hypersens i t ive  terms 

have been very encouraging. However, the  adjustment process has n o t  been 
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understood as  f u l l y  as the  adjustments for t he  remaining va r i ab le s .  Some 

preliminary r e s u l t s  obtained with the  few model runs ava i l ab le  poin t  t o  

inadequacy of t h e  cur ren t ly  used tendency term formulation when the  

advective cu r ren t  is unusual ly  s t rong.  (The advect ive cu r ren t  i s  a 

smoothed vers ion  of the  gridded 500 mb wind f i e l d . )  An a l t e r n a t i v e  

formulation t h a t  c o r r e c t s  f o r  t h i s  problem has been derived but  is n o t  y e t  

coded. 

3. Completion of MODEL 11. 

The components of the  va r i a t iona l  adjustment equations t h a t  a r i s e  from 

t h e  app l i ca t ion  of the  Euler-Lagrange operator  t o  the  thermodynamic 

equation f o r  dry, ad iaba t i c  flow were derived during mid 1986. These terms 

were, a s  a matter  of course,  expressed compatible with the  staggerd g r i d  

used f o r  MODEL I. These terms were coded i n t o  the  appropriate  modules and 

t h e  programs a r e  now i n  the  f i n a l  check-out s tages .  Test runs with MODEL 

II a r e  expected within the  next month. 

4. Development of MODEL 111 ( r ad ia t ive  t r a n s f e r  eaua t ion) .  

In  co l labora t ion  with D r .  Stanley K i d d e r ,  t he  v a r i a t i o n a l  equations 

f o r  the  r a d i a t i v e  t r a n s f e r  equation f o r  t h e  four  microwave T W S  channels 

were derived f o r  the  nonl inear  sigma coordinate  system during spr ing of 

1986. w a s  apparent t h a t  the so lu t ion  of t hese  equations with radiance 

and temperature as  dependent var iab les  was another temperature r e t r i e v a l  

algorithm. The advantage of the  v a r i a t i o n a l  formulation over o ther  

r e t r i e v a l  algorithms i s  t h a t  other meteorological va r i ab le s  such as winds 

and heights  can be entered i n t o  the r e t r i e v a l  process.  

I t  
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Reprogramming of t he  microwave channel weights f o r  compat ib i l i ty  with 

the  MODEL I v e r t i c a l  coordinate was begun. Dr. Kidder l e f t  t he  p ro jec t  

f o r  a one-plus year  leave of absence in August 1986. 

5. Making the  Model more Responsive t o  t h e  Observations. 

The d i r e c t  methods f o r  ca lcu la t ing  de r iva t ives  f o r  t he  var ious terms 

of the  v a r i a t i o n a l  model requi re  t h a t  t he  d a t a  be pregridded. Past 

approaches (Achtemeier, 1975) have t r ea t ed  the  gr idding and adjustment 

processes separa te ly  and sequent ia l ly  and the re fo re  the  dependence of t h e  

f i n a l  ana lys i s  upon the  o r ig ina l  observat ions i s  removed. This dependence 

can be rees tab l i shed  by merging the  v a r i a t i o n a l  models with the  successive 

co r rec t ions  in t e rpo la t ion  method (SCM) through a c y c l i c a l  procedure. 

Independen t l y  in te rpola ted  meteorological va r i ab le s  a r e  merged 

v a r i a t i o n a l l y .  The v a r i a t i o n a l  f i e l d s  then serve  a s  f i r s t  guess f i e l d s  f o r  

t h e  next  SCM ana lys i s ,  and so on. 

Before the  SCM is merged with the  v a r i a t i o n a l  model, we must  t ake  i n t o  

considerat ion 1) how the  da t a  i s  t o  be gridded and 2) t he  bes t  SCM method 

t o  g r i d  the  data .  As  regards how the  d a t a  i s  t o  be gridded, we have 

inves t iga ted  the  ca l cu la t ion  of t h e  geopotent ia l  g rad ien t s  by t r i angu la t ion  

and  then gr idding the  grad ien ts  d i r e c t l y .  The cu r ren t  approach c a l c u l a t e s  

t he  geopotent ia l  g rad ien ts  from the  gridded heights .  The advantages of t he  

t r i angu la t ion  method are as follows: a )  The loca t ions  of the  da t a  po in t s  

are a t  t r i a n g l e  cent ro ids  n o t  a t  the  observat ion loca t ions .  Therefore the  

in t e rpo la t ion  e r r o r  caused by i r r egu la r  d i s t r i b u t i o n  of the  geopotent ia l  

g rad ien t  w i l l  be independent from the  e r r o r  of i n t e rpo la t ion  f o r  the  

geopotent ia l .  These e r r o r s  therefore  can be more e a s i l y  removed by the  
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v a r i a t i o n a l  adjustment. b) The gradien ts  a r e  n o t  ca l cu la t ed  from the  same 

g r i d  a s  t h a t  used f o r  t he  va r i a t iona l  adjustment. This b e t t e r  s a t i s f i e s  

the  t h e o r e t i c a l  requirement for  t h e  v a r i a t i o n a l  ana lys i s  namely t h a t  the  

observat ions be mutually independent. 

The disadvantages of t h e  t r iangula t ion  method a r e  cu r ren t ly  no t  known. 

As regards the  b e s t  method t o  g r i d  the  da ta ,  much e f f o r t  has been 

expended t o  determining the  best  SCM method. We have undertaken a thorough 

ana lys i s  of the  Barnes (1964, 1973) objec t ive  ana lys i s  method. Some of t h e  

r e s u l t s  appear i n  the  papers (Achtemeier 1986, 1987) t h a t  accompany t h i s  

i n t e r im  repor t .  S t i l l  f u r t h e r  work i s  being done on the  Barnes methods and 

w i l l  be the  sub jec t  of a t h i r d  a r t i c l e  t o  be published i n  the  near  fu tu re .  

We have found t h a t  replacing the t r a d i t i o n a l  2-pass Barnes method with a 

three-pass vers ion a )  b e t t e r  r e s t o r e s  sho r t  but  reso lvable  wavelengths 

without introducing undesirable sho r t e r  wavelengths i n t o  the  analyzed 

f i e l d s ,  b )  does not  introduce high frequency n o i s e  caused by i r r e g u l a r  

s t a t i o n  spacing, and c >  gives  smoother, more meteorological ly  r e a l i s t i c  

de r iva t ives .  The l a t e r  improvement is c r u c i a l  t o  t he  v a r i a t i o n a l  ana lys i s  

which requi res  the  ca l cu la t ion  of numerous f i r s t  and second de r iva t ives  

from analyzed f i e l d s  of da ta .  

I t  is an t i c ipa t ed  t h a t  these new methods w i l l  lead t o  improved 

analyses  of t h e  i n i t i a l  f i e l d s  along with the  incorporat ion of t h e  SCM i n t o  

t h e  v a r i a t i o n a l  ana lys i s .  We plan t o  continue t h i s  research  e f f o r t .  

6 .  Extension -- of MODEL 1, Analysis Periods from One t o  Three. 
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During the  p a s t  year ,  w e  performed MODEL I SAT and NOSAT analyses  f o r  

t he  00 GMT and 12  GMT 11 Apri l  1979 per iods.  As wi th  t h e  analyses  f o r  1 2  

GMT 10 Apr i l  (Achtemeier, etal.; 1986) t h e  purpose t h e  new analyses  is f o r  

model e r r o r  ana lys i s  and s e n s i t i v i t y  s tud ie s .  These analyses  are evaluated 

according t o  th ree  c r i t e r i a  t ha t  measure a) t h e  ex ten t  t o  which the  

ass imi la ted  f i e l d s  s a t i s f y  the dynamical c o n s t r a i n t s ,  b )  t he  ex ten t  t o  

which the  ass imi la ted  f i e l d s  depart  from t h e  observat ions,  and c )  the  

ex ten t  t o  which the  assimilated f i e l d s  are r e a l i s t i c  as determined by 

p a t t e r n  recogni t ion.  The l a s t  c r i t e r i o n  r equ i r e s  t h a t  the  s igns,  

magnitudes, and p a t t e r n s  of the hypersens i t ive  v e r t i c a l  ve loc i ty  and l o c a l  

tendencies of t he  hor izonta l  ve loc i ty  components be phys ica l ly  cons i s t en t  

wi th  respec t  t o  t h e  l a rge r  s ca l e  weather systems. 

The percent  reduct ion of the i n i t i a l  RMS e r r o r  is  used t o  determine 

t h e  ex ten t  t o  which t h e  SAT and NOSAT blended d a t a  sets converge t o  the  

so lu t ion  of t h e  four  dynamical cons t r a in t s .  These r e s u l t s  show same l e v e l s  

of convergence f o r  the  two new analyses  as f o r  1200 GMT 10 Apr i l  1979; 

90-95 percent  e r r o r  reduct ion  f o r  t h e  two hor i zon ta l  momentum equations,  

and 90-100 percent  f o r  t h e  in tegra ted  cont inui ty  and hydros t a t i c  equations.  

Regarding the  ana lys i s  of hypersens i t ive  va r i ab le s ,  t h e  v e r t i c a l  

v e l o c i t y  was analyzed w e l l  a t  00 GMT but  no t  f o r  12 GMT 11 Apri l .  This 

problem has been t raced  t o  t h e  inadequacy of t h e  cu r ren t ly  used tendency 

term formulation when the  advective cu r ren t  i s  unusually s t rong.  (The 

advect ive cur ren t  is a smoothed vers ion  of t h e  gr idded 500 mb wind f i e l d . )  

An a l t e r n a t i v e  formulation that  c o r r e c t s  f o r  t h i s  problem has been der ived 

but  is n o t  y e t  coded. 
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The r e s u l t s  f o r  t h e  loca l  tendencies  cont inue t o  be b e t t e r  than 

expected. For reasons n o t  yet  understood, t h e  p a t t e r n s  of 3-h v e l o c i t y  

component tendencies generated by MODEL I b e t t e r  correspond t o  observed 3-h 

forward tendencies than t o  3-h backward tendencies o r  t o  t h e  6-hr average 

centered a t  the  ana lys i s  t i m e .  

7. Develoment of MODEL I V  {Moisture) 

Our work on developing methods t o  meld and g r i d  moisture  d a t a  and t o  

b u i l d  the  moisture conservation equation and mois t u r e l h e a t  

parameter izat ions i n t o  the  themodynamic equation i s  a t  t h e  conceptual 

s tage .  
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ABSTRACT: The Barnes objec t ive  ana lys i s  method i s  widely used by 
mesoscale meteoro logis t s  for gridding i r r e g u l a r l y  d i s t r i b u t e d  weather da ta .  
Resul t s  from a thorough reana lys is  of t h e  Barnes method revealed t h a t  t h e  
f i l t e r  f i d e l i t y  optimizes ( f i l t e r  f i d e l i t y  measured by how well t h e  method 
r e s t o r e s  des i r ed  wavelengths and removes undesired wavelengths) i f  t h e  
f i l t e r  parameters t h a t  determine the  inf luence of observat ions are 
unchanged f o r  both the  i n i t i a l  and co r rec t ion  passes  (analogous t o  a 
cons tan t  r ad ius  of inf luence) .  These r e s u l t s  were obtained from f a m i l i e s  
of response curves t h a t  s a t i s f i e d  t h e  requirement t h a t  t he  f i n a l  responses 
were equal a t  an a r b i t r a r y  reference wavelength. 

Subject  t o  the  above requirement, the  Barnes method with f i l t e r  
parameters unchanged ( f ixed  method) was compared wi th  a more t r a d i t i o n a l  
approach ( reduct ion  parameter equal to  0.2) through t h e o r e t i c a l  and 
a n a l y t i c a l  tests. The analyses wi th  a n a l y t i c a l  monochromatic s i n e  and 
cos ine  waves were done with uniform and highly nonuniform d a t a  
d i e  t r i b u t i o n s .  

The t h e o r e t i c a l  s t u d i e s  and a n a l y t i c a l  analyses with uniform d a t a  
d i s t r i b u t i o n s  confirmed the  supe r io r i ty  of t h e  f ixed  method f o r  wavelengths 
ranging from twice t o  twelve times t h e  average observation separa t ion  (SI. 
The g r e a t e s t  improvements, found f o r  t he  3s t o  6 s  wavelengths, ranged upto 
seven percent  of t he  amplitudes of t h e  o r i g i n a l  wavelengths. These 
improvements were l o c a l l y  l a rge  and were gained without t he  method exc i t i ng  
undes i rab le  very s h o r t  wavelengths. However t h e  t r a d i t i o n a l  approach gave 
t h e  bes t  r e s u l t s  f o r  t h e  longer wavelengths when the  d a t a  were nonuniformly 
d i s t r i b u t e d .  This was because the smoother f i r s t  pass  of the  t r a d i t i o n a l  
method gave b e t t e r  representa t ion  of t h e  area near t he  i n f l e c t i o n  po in t s  of 
t hese  waves. 

The information about how d i f f e r e n t  f i l t e r  parameters modify t h e  
performance of t h e  s tandard 2-pass Barnes method was used t o  develop a 
3-pass hybrid method t h a t  incorporates  t h e  advantages of both t h e  f ixed  and 
t r a d i t i o n a l  methods. Comparisons between analyses  of de r iva t ives  of t h e  
he ight  and wind f i e l d s  surrounding in t ense  j e t  s t r eaks  on 00 GMT 10 Apr i l  
1979 by t h e  hybrid method and the t r a d i t i o n a l  method are presented i n  t h i s  
paper. The comparisons show t h a t  (1) the  hybrid method r e s t o r e s  more of 
t h e  mesoscale f e a t u r e s  inherent  i n  t h e  da ta ,  (2)  t h e  hybrid method b e t t e r  
preserves  l i n e a r  f e a t u r e s  such as shear  v o r t i c i t y  zones and divergence 
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zones, ( 3 )  the hybrid method better preserves the magnitude and shape of 
patterns of the laplacian of the  height f i e l d ,  and (4) the hybrid method 
does not  as severely contaminate the analys is  with undesirable small s c a l e  
centers  that  a r i s e  from analys is  of nonuniformly dis tr ibuted data. 


